were collected during baseline and following systemic administration of the nicotinic receptor antagonist mecamylamine (1.5 and 3.0 mg/kg, i.p.) to precipitate withdrawal. A second study compared various metabolic differences in cholinergic transmission using the same treatment procedures as the first study. Following 14 days of nicotine exposure, the NAc was dissected and acetylcholinesterase (AChE) activity was compared across groups. In order to examine potential group differences in nicotine metabolism, blood plasma levels of cotinine (a nicotine metabolite) were also compared following 14 days of nicotine exposure. The results from the first study revealed that nicotine exposure increased baseline ACh levels to a greater extent in adolescent versus adult rats. During nicotine withdrawal, ACh levels in the NAc were increased in a similar manner in adolescent versus adult rats. However, the increase in ACh that was observed in adult rats experiencing nicotine withdrawal was blunted in pre-exposed adults. These neurochemical effects do not appear to be related to nicotine metabolism, as plasma cotinine levels were similar across all groups. The second study revealed that nicotine exposure increased AChE activity in the NAc to a greater extent in adolescent versus adult rats. There was no difference in AChE activity in pre-exposed versus naïve adult rats. In conclusion, our results suggest that nicotine exposure during adolescence enhances baseline ACh in the NAc. However, the finding that ACh levels
Introduction
Adolescents display high rates of tobacco use initiation and are more likely to continue smoking into adulthood. Surprisingly little is known about the underlying biological mechanisms that promote tobacco use during adolescence and the long-term consequences of adolescent nicotine exposure. During tobacco cessation, withdrawal from nicotine produces a series of biochemical changes characterized by the emergence of negative affective states that promote compulsive tobacco use and relapse [1] . Given the importance of withdrawal in tobacco use, a better understanding of the mechanisms that mediate withdrawal will yield important information that may guide the development of better cessation treatments for smokers of different ages.
Preclinical studies have demonstrated that the negative affective states and behavioral signs of nicotine withdrawal are lower during adolescence. For example, nicotine-treated adolescent rats [2, 3] and mice [4] display fewer physical symptoms of withdrawal compared to adults. Moreover, withdrawal-associated deficits are less pronounced in adolescent versus adult rats in procedures assessing changes in brain reward function and place aversion [2, 5] . These studies suggest that adolescents suffer relatively less severe consequences of nicotine withdrawal than adults.
The mechanisms that mediate nicotine withdrawal appear to involve dopaminergic deficits in the mesolimbic pathway. This pathway originates in the ventral tegmental area and terminates in several forebrain structures, including the nucleus accumbens (NAc). Previous research has shown that nicotine-dependent adult rats display a decrease in extracellular levels of dopamine during withdrawal [6] [7] [8] . Recent work in our laboratory demonstrated that adolescent rats display reduced withdrawal-associated deficits in NAc dopamine versus nicotine-dependent adults [9] . Similarly, nicotine-treated adolescent rats display a reduced decrease in NAc dopamine following administration of a kappa-agonist compared to adults [10] . Subsequent studies revealed that adolescents are resistant to the decreases in NAc dopamine produced by withdrawal because of enhanced excitation via glutamate and reduced inhibition via GABA on dopamine cell bodies in the ventral tegmental area [11] . These studies suggest that age differences produced by nicotine withdrawal are mediated, in part, by dopamine transmission in the mesolimbic pathway.
There is also evidence suggesting that cholinergic transmission in the NAc is altered during nicotine withdrawal. Specifically, adult rats experiencing nicotine withdrawal display an increase in extracellular levels of acetylcholine (ACh) in the NAc [8] . This effect is also observed during withdrawal from amphetamine, cocaine, ethanol and morphine [12, 13] . Conditioned taste aversion and mild stress also increase NAc ACh, while lowering dopamine in this region [14] . These findings suggest that increases in ACh and decreases in dopamine in the NAc serve as biomarkers of negative affective states produced by withdrawal from drugs of abuse.
To our knowledge, no study has compared cholinergic transmission in the NAc during nicotine withdrawal in adolescent and adult rats. Moreover, the long-term effects of adolescent nicotine exposure on cholinergic transmission in the NAc have not been studied during nicotine exposure or withdrawal from this drug. To address these issues, the present study conducted a series of two-group comparisons between adult rats and either (1) adolescents or (2) adults that were exposed to nicotine during adolescence (pre-exposed adults). Within each experimental group, the rats were either nicotine treated or received a sham pump surgery. The first study compared extracellular levels of ACh in the NAc during nicotine exposure and withdrawal. In order to determine whether group differences in nicotine metabolism may have influenced our results, a second study compared blood plasma levels of cotinine (a nicotine metabolite) following 14 days of nicotine exposure. This study also compared acetylcholinesterase (AChE) activity levels as a metabolic marker of cholinergic transmission across our experimental groups.
Experimental Procedures

Animals
Male Wistar rats (n = 4-12 per group) were used. The adolescents were approximately postnatal day (PND)28 and the adults were PND60 at the time of the pump im-plantation surgery. All rats were given free access to food and water throughout the study. Rats were pair-housed in a humidity-and temperature-controlled (20-22 ° C) vivarium using a 12-hour light/dark cycle with lights on at 8: 00 p.m. The home cage consisted of a rectangular Plexiglas hanging cage (41.5 cm long × 31.7 cm wide × 32.1 cm high) with pine bedding. The food and water were located above the animals' living space on a wire platform encased within a filtered cover. The animals were bred in the animal vivarium of the Psychology Department from a stock of outbred rats from Harlan Inc. (Indianapolis, Ind., USA). The rats were bred onsite in order to minimize stress that might have occurred in the adolescents if they had been shipped and tested too close to their weaning period. All procedures were approved by the University of Texas at El Paso Animal Care and Use Committee and followed the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Drugs
(-)-Nicotine hydrogen tartrate and mecamylamine hydrochloride were purchased from Sigma-Aldrich (St. Louis, Mo., USA). Mecamylamine was dissolved in 0.9% sterile saline and injected intraperitoneally in a volume of 1 ml/kg. All drugs were administered at physiological pH of 7.2-7.4.
Surgical Procedures
The rats were first anesthetized with an isoflurane/oxygen mixture (1-3% isoflurane). They were then prepared with 14-day osmotic pumps that were implanted subcutaneously parallel to the spine (Alzet model 2ML2, 1.0 μl/h; Durect Corporation, Cupertino, Calif., USA). The pumps were filled with nicotine (4.7 mg/kg/day for adolescents or 3.2 mg/kg/day for adults, expressed as base). The adolescents were exposed to nicotine between PND28-42 and the adults were exposed between PND60-74. A separate group of rats received 14 days of nicotine exposure during adolescence (4.7 mg/kg/day) and then received another 14 days of exposure later during adulthood (3.2 mg/kg/day). The nicotine pump was surgically removed after 14 days of exposure during adolescence to ensure the same level of nicotine exposure across experimental conditions. The naïve (not pre-exposed) adults received a sham surgery during adolescence to control for the influence of the surgical procedures that may have influenced our comparisons to the pre-exposed adults. The concentration of nicotine in the pump was adjusted according to the weight of the rat at the time of the surgery. The nicotine concentrations were based on previous studies showing that adolescent rats require approximately 1.5 times more nicotine to produce similar plasma nicotine levels to adults [2, 15] . Following implantation, the incision was closed with 9-mm stainless steel wound clips and treated with a topical antibiotic ointment.
Experimental Groups
The controls for each group received a sham surgery and were not exposed to nicotine. Our experimental approach essentially involved a two-group comparison between adult rats and either (1) adolescents or (2) adults that were exposed to nicotine during adolescence (pre-exposed adults). The experimental conditions were as follows:
Study 1: Cholinergic Transmission in the NAc during Nicotine Withdrawal
Microdialysis Procedures Thirteen days after pump implantation, the rats were reanesthetized and stereotaxically implanted with microdialysis probes aimed at the NAc. The probes were purchased from CMA Microdialysis (model CMA 12, 20 kDa; Holliston, Mass., USA) with an active membrane length of 2 mm. The probes were perfused for at least 1 h prior to implantation at a rate of 0. 2). The probes were implanted into the NAc using the following coordinates from bregma (adolescent = AP +2.2, ML ±0.8, DV -7.1; adult = AP +1.7, ML ±1.4, DV -8.1). The placements were derived from our previous studies using these age ranges [9] . The hemisphere that was implanted with the probe was counterbalanced to control for possible hemispheric differences across experimental conditions. Following surgery, the rats were individually housed in a similar-sized test cage as their home cage with food and water available throughout the following test day.
After surgery, the perfusate flow rate was maintained at 0.2 μl/min overnight. The next morning the flow rate was increased to 1.5 μl/min for 1 h to allow for equilibration of the probes. Dialysate samples were then collected at 10-min intervals for 1-h sampling periods during baseline and then following systemic administration of saline followed by 2 doses of mecamylamine (1.5 and 3.0 mg/kg, i.p., expressed as salt). The doses of mecamylamine were chosen based on previous studies demonstrating age differences in dopamine transmission produced by nicotine withdrawal [9, 11] . After collection, each sample was immediately frozen on dry ice and then stored at -80 ° C until they were analyzed 1-2 weeks later.
ACh Analysis ACh was separated by a 12-cm reverse-phase ESA ACh-3 analytical column at 38 ° C. The ACh was converted to hydrogen peroxide and betaine by an ESA ACh solid-phase reactor containing AChE and choline oxidase. The estimation of ACh levels was assessed by electrochemical detection, as described previously [16] . Mobile phase was pumped through the system at a pump speed of 0.35 ml/min. The mobile phase contained 100 m M Na 2 HPO 4 , 0.5 m M trimethylammonium chloride, 0.005% Reagent MB (ESA) and 20 m M 1-octanesulfonic acid (Sigma-Aldrich), which was adjusted to a pH of 8.0 with 85% H 3 PO 4 and degassed through a 0.2-μm filter. ACh levels were quantified with a model 5040 ESA analytical cell with a platinum target electrode set at +300 mV. The EC detector range (ESA Coulochem II) was set to 2 nA for ACh detection with a 10-second filter. Peaks were analyzed and recorded on a computerized data capture system. The detection limit for ACh was 7 fmol/min/10 μl. Peak identities were verified by their absence following removal of the solid-phase reactor column.
Histological Verification of Probe Placements
At the end of the experiment, the rats were sacrificed and the brains were frozen on dry ice. The probe placements were verified from coronal sections of the NAc. In order to be included in the neurochemical analysis, the probe placements had to fall within the NAc and the animals' baseline values had to fall within 2 standard deviations from the group mean.
Study 2: Metabolic Markers of Cholinergic Transmission in the NAc during Withdrawal
AChE Activity Assay A separate group of rats received the same nicotine pump exposure as in study 1. Fourteen days after pump implantation, the rats were sacrificed and the brains were placed in ice-cold phosphate (Na) buffer at a pH of 8.0 containing 0.02 M MgCl 2 . Once each brain was cooled, the NAc was quickly dissected on a petri dish that was kept on ice. The NAc tissue was then weighed and frozen at -80 ° C until the samples were analyzed within the next couple of days. The AChE assays were conducted according to the spectrophotometric method of Ellman et al. [ 17 ] Cotinine Assay Trunk blood was collected at the time the rats were sacrificed. The blood was collected into test tubes and the plasma was separated from the whole blood via centrifugation at 2,000 rpm. The plasma was then separated and cotinine levels were analyzed using a commercially available 96-well plate ELISA kit from OraSure Technologies Inc. (Bethlehem, Pa., USA). The cotinine levels were estimated from internal standards using a SpectraMax Plus spectrophotometer from Molecular Devices Inc. (Sunnyvale, Calif., USA).
Statistical Analysis
The data were analyzed using SPSS Statistics for Windows, version 19.0 (Armonk, N.Y., USA). Our statistical approach involved overall ANOVAs followed by post hoc testing where appropriate using Fisher's LSD tests (p < 0.05). The data in figures 1 and 3 (basal ACh and AChE activity) were analyzed using ANOVA with treatment (control vs. nicotine) and experimental group (adult, adolescent and pre-exposed adult) as between-subject factors. The data in figure 2 (ACh levels) were analyzed using repeated measures ANOVA with time as a within-subject factor and treatment and age group as between-subject factors. The experimental approach of this study is essen-tially a two-group comparison between adult rats and either (1) adolescents or (2) pre-exposed adults. Given that the data for all of the groups are presented in each figure, our statistics involved a conservative approach whereby all of the experimental groups were included in an overall analysis. If a significant interaction was observed, then separate post hoc analyses were conducted within each sampling period ( fig. 2) or treatment group (fig. 3 ). The data in figure 4 (cotinine levels) were analyzed using oneway ANOVA across age groups. Within each figure, different symbols were used to denote the different group comparisons that were made. For example, asterisks denote a significant difference from respective controls and dagger signs denote a difference from adult rats.
Results
Study 1
Baseline ACh Figure 1 denotes baseline levels of ACh in the NAc of control and nicotine-treated adolescent, adult and preexposed adult rats. Overall, the results revealed that nicotine treatment increased baseline ACh compared to controls, an effect that was highest in adolescent rats. There was no interaction between treatment and experimental conditions (F 2, 31 = 2.6; p = n.s.). However, there was a main effect of treatment (F 1, 31 = 18.2; p < 0.001), illustrating that nicotine exposure produced an increase in baseline ACh regardless of age group (p < 0.05). There was also a main effect of experimental group (F 1, 31 = 9.0; p < 0.001), with nicotine-treated adolescents displaying higher basal ACh compared to both adult groups, regardless of nicotine pre-exposure (p < 0.05). There were no differences in control rats across experimental groups. The data reflect baseline levels of ACh (±SEM) in the NAc of adolescent (control n = 6; nicotine treated n = 7), adult (control n = 6; nicotine treated n = 6) and pre-exposed adult rats (control n = 4; nicotine treated n = 8). Asterisks denote a main effect of nicotine treatment relative to controls and the dagger denotes a significant difference from adult rats (p < 0.05). Withdrawal-Induced Changes in ACh Figure 2 depicts ACh in the NAc of control and nicotine-treated adolescent, adult and pre-exposed adult rats. Overall, the results revealed that nicotine withdrawal produced an increase in ACh in adolescent rats (37% average increase) that was similar to naïve adults (41% average increase); however, this effect was absent in pre-exposed adult rats. The overall analysis revealed a significant interaction between treatment and experimental group (F 2, 31 = 30.15; p < 0.05). The post hoc analyses revealed that nicotine-treated adolescents and adults displayed an increase in ACh compared to control rats during each sampling period (p < 0.05). However, this effect was not observed in pre-exposed adults. There were no differences in control rats across experimental groups. Figure 3 depicts AChE activity in the NAc of adolescent, adult and pre-exposed adult rats. The results revealed that nicotine-treated adolescents displayed an increase in AChE activity that was higher than both groups of adult rats, regardless of nicotine pre-exposure. The analysis revealed a significant interaction between treatment and experimental condition (F 2, 33 = 4.19; p < 0.05), with nicotine-treated adolescent rats displaying higher AChE activity levels compared to control rats (p < 0.05) and both adult groups (p < 0.05). There were no differences in control rats across experimental conditions. Cotinine Levels Figure 4 depicts cotinine levels (ng/ml ± SEM) in blood plasma collected from nicotine-treated adolescent, adult and pre-exposed adult rats. The results revealed that there were no significant differences in cotinine levels across experimental groups after 14 days of nicotine exposure (F 2, 27 = 0.89; p = n.s.).
Study 2 AChE Activity
Discussion
Summary A major finding of this report is that nicotine exposure produced an increase in basal levels of ACh in the NAc that was largest in adolescent rats compared to adults. Another important finding is that under withdrawal conditions, an increase in ACh was observed in the NAc that was similar in adolescent and naïve adult rats. Interestingly, the latter effect was absent in adult rats that were exposed to nicotine during adolescence. These findings suggest that adolescence is a unique period of development characterized by the following: (1) a short-term increase in cholinergic transmission produced by nicotine exposure during adolescence and (2) a long-term suppression of cholinergic responses during withdrawal in adult rats that were exposed to nicotine during adolescence. Nicotine treated † * Adult Pre-exposed adult Fig. 3 . The data reflect AChE activity (±SEM) in the NAc of adolescent (control n = 7; nicotine treated n = 7), adult (control n = 9; nicotine treated n = 7) and pre-exposed adult rats (control n = 8; nicotine treated n = 6). The asterisk denotes a significant difference relative to controls and the dagger denotes a significant difference from adults (p < 0.05). 
The Role of ACh in the Process of Nicotine Addiction
The process of tobacco addiction involves activation of nicotinic ACh receptors (nAChRs) that consist of specific subunit configurations such as α4β2 and α7 [18] . Regarding the initial acquisition of nicotine use, a preclinical report demonstrated that blockade of nAChRs in the NAc disrupts the development of drug-seeking behavior in rats [19] . Thus, the initial phases of acquisition of tobacco use are likely to involve nAChRs in the NAc. Following chronic drug use, preclinical studies have demonstrated a dysregulation in brain reward mechanisms, including (but not limited to) changes in nAChRs and ACh release in the NAc. For example, a neurochemical 'marker' of nicotine withdrawal is increased ACh levels in the NAc [8] . Increased ACh levels are also observed during withdrawal from other drugs such as amphetamine, cocaine, ethanol and morphine [20, 21] . Further, conditioned taste aversion and mild stress also increase NAc ACh levels while lowering dopamine levels in this region [22] . These findings suggest that increases in ACh combined with a decrease in dopamine levels in the NAc serve as biomarkers of withdrawal from chronic nicotine exposure. The present study contributes to this literature by examining changes in cholinergic systems in the NAc following nicotine exposure and withdrawal from this drug during the adolescent period (short-term effects) and later in adulthood following exposure to nicotine during adolescence (long-term changes).
Short-Term Effects of Nicotine Exposure and Withdrawal during Adolescence
Preclinical studies have revealed that there are fundamental differences in the mechanisms that drive nicotine use among adolescents and adults [23] [24] [25] . The present study extends previous work by demonstrating that adolescent nicotine exposure produces an increase in basal cholinergic transmission, and that the increases in ACh produced by nicotine withdrawal are similar across age groups. Studies in other laboratories have compared changes in nAChR following nicotine exposure in adolescent and adult rats. This work has revealed that the changes in nAChRs are age, sex, receptor subtype and region dependent [26] [27] [28] [29] . As an example, one report demonstrated that across several brain regions α4β2 and α7 nAChRs were more prominently increased following nicotine exposure in adult versus adolescent rats [28] . However, another report demonstrated a more prominent increase across several brain regions in nAChRs following nicotine exposure in adolescent versus adult rats [29] . Our results suggest that one potential mechanism for the changes in nAChRs may involve age-dependent changes in cholinergic tone following nicotine exposure. This is based on our finding that nicotine exposure produced a larger basal increase in ACh levels and AChE activity in adolescent versus adult rats. The implications of these effects with regard to enhanced vulnerability to tobacco use during adolescence warrants future investigation using animal models of nicotine dependence in rodents of different ages.
Much work has shown that the behavioral effects of nicotine withdrawal are lower in adolescent versus adult rodents [25] . Previous work in our laboratory suggests that dopamine systems modulate age differences produced by nicotine withdrawal. This is based on our finding that nicotine-treated adult rats displayed a robust decrease in NAc dopamine levels during withdrawal that was absent in adolescents [9] . Nicotine-treated adult rats also displayed a smaller decrease in NAc dopamine in adolescents versus adults following administration of a kappa-opiate receptor agonist [10] . Subsequent studies revealed that adolescents showed smaller decreases in NAc dopamine during withdrawal because of enhanced excitation via glutamate and reduced inhibition via GABA on dopamine cell bodies in the ventral tegmental area [11] . The present findings suggest that age differences produced by nicotine withdrawal are not likely to be modulated via cholinergic transmission in the NAc. Collectively, our research suggests that age differences produced by nicotine withdrawal are modulated, in large part, via dopaminergic transmission in the mesolimbic pathway.
Long-Term Effects of Adolescent Nicotine Exposure and Withdrawal Later in Adulthood
There is a large body of literature showing that developmental exposure to nicotine produces an array of behavioral and neurological consequences, especially during the neonatal period [30] . Within this literature, the long-term effects of adolescent nicotine exposure are complex and vary depending on what is measured. With regard to behavioral changes, rodent studies have demonstrated that adolescent nicotine exposure increases the rewarding effects of nicotine later in adulthood [31] [32] [33] . However, recent work in our laboratory demonstrated that adolescent nicotine exposure ameliorated the food suppressant effects of nicotine later in adulthood [33] . Also, exposure to nicotine during adolescence enhances anxiety-like behavior [34] but abolishes the corticosterone-activating effect of nicotine later in adulthood [35] . The present study revealed that withdrawal-induced increases in ACh were blunted following exposure to nico-tine during adolescence. Consistent with this, gestational nicotine exposure produced a long-term suppression of nicotine-induced increases in NAc dopamine levels [36] . Adolescent nicotine exposure also produced a long-term suppression of nicotine-induced increases in striatal dopamine and norepinephrine [37] . Our plasma cotinine data rule out the possibility that the blunted neurochemical effects observed in pre-exposed adults are related to group differences in nicotine metabolism. Another possibility is that adolescent nicotine exposure may have produced neurotoxicity that leads to a blunted neurochemical response during nicotine withdrawal. This idea is based on the finding that adolescent nicotine exposure produces greater neuroteratogenicity compared to exposure to this drug during adulthood [38] . These findings have led researchers to question the use of nicotine replacement therapy in adolescent smokers [39] . Future studies are needed to examine the mechanisms that modulate our neurochemical effects.
Clinical Implications
Our findings have important implications toward developing more effective cessation strategies for smokers of different ages and previous exposure to nicotine. Our data suggest that adolescent nicotine exposure produces longterm changes in cholinergic systems that may reduce the efficacy of smoking cessation medications later in adulthood, such as nicotine replacement therapy. Consistent with this suggestion, clinical studies in adolescents have found that long-term abstinence rates are not closely associated with nicotine replacement therapies [40] [41] [42] . With regard to the long-term consequences of nicotine, our data suggest that adolescent nicotine exposure promotes the dysregulation of cholinergic systems that confer drug dependence. This includes enhancing the rewarding effects of nicotine and possibly altering the aversive effects of nicotine withdrawal. Thus, putting a nicotine patch on an adolescent may be harmful because it might facilitate the development of dependence in young tobacco users who do not normally experience nicotine withdrawal. Future studies are needed to better understand the underlying mechanisms that promote enhanced vulnerability to nicotine in an adult that was exposed to nicotine during adolescence. Future studies might also consider the role of sex differences, environmental conditions and prior drug history in developmental differences to nicotine use.
